The 5'-end structure of potato virus X RNA was determined following enzymatic methylation iri_ vitro. A single ^H-methyl group was introduced into the 2'-position of the 5'-penultimate residue and the end structure was determined as m 7 GpppG( m )pAp(Xp)3G. This part of the RNA apparently is involved in binding to ribosomes since it can be partially protected against RNase digestion by wheat germ 40S ribosomes. PVX RNA was not retained by poly(U)-sepharose, indicating that it does not contain a 3'-terminal poly(A) tract.
INTRODUCTION
Most animal cell and virus mRNAs are modified by addition of a poly(A) tract at the 3'-end and a blocked methylated "cap", m GpppX at the 5'-end (for reviews see refs. 1 and 2 ) . The same kind of 5'-terminal cap is present in several plant virus genome RNAs (3) (4) (5) (6) (7) (8) (9) that also function as messenger for virus-specific protein synthesis (9) (10) (11) (12) (13) (14) . However, the 3'-ends of most plant virus RNAs are not polyadenylated but resemble transfer RNA both in structure (15, 16) and the ability to be charged with a specific amino acid in a reaction catalyzed by aminoacyl-tRNA-synthetase (17) (18) (19) . Exceptions to these general properties of eukaryotic messengers have been described. For example, certain virus RNAs of animal [polio (20, 21) , EMC (22)] and plant [STNV (23, 24) , CPMV (25) ] origin do not contain a 5'-cap; furthermore, the 3'-end of the plant virus RNA, CPMV is polyadenylated (26) while human reovirus mRNA is not (27) .
Potato virus X is a flexuous rod-shaped virus consisting of multiple copies of a single coat protein and a single-stranded infectious RNA of molecular weight 2 x 10 daltons (28) . PVX RNA is translated efficiently in cell-free extracts prepared from wheat germ (29) but its terminal structures have not been characterized previously. In this report we present evidence that PVX E not polyadenylated.
evidence that PVX RNA has m GpppGpA at the 5'-end and a 3'-terminus that is
MATERIALS AND METHODS

Preparation of RNAs.
PVX RNA was prepared by the hot SDS-phenol method as previously des-32 cribed (29) .
P-Labeled PVX RNA was obtained by incubating 40 eight-day 32 old infected tobacco leaves in water containing P-orthophosphoric acid (0.02 mCi, Amersham-Searle) for 24 hr and isolating the virus according to Goodman (30 Ribosome binding and protection.
Binding of PVX RNA to ribosomes in wheat germ extracts followed by analysis in glycerol gradients was as described previously (36, 37) . For the protection experiments, binding mixtures were treated with 2.5 ug/ml of RNase A for 10 min at 0°C or with 250 units/ml of RNase T for 15 min at 25°C before glycerol gradient analysis.
RESULTS
PVX RNA can be translated in the wheat germ system (29) which for most mRNAs is cap-dependent (2) . During these studies we found that m GMP, which has been shown to inhibit the translation of capped mRNAs (38) (39) (40) , also inhibits the translation of PVX RNA ( took advantage of the fact that the caps of all plant viral RNAs so far analyzed contain an unmethylated residue rather than a 2'-0-methylated nucleotide next to the m G. Therefore, we checked if H-methyl groups from radioactive S-adenosylmethionine could be incorporated into PVX RNA by incubation with guanylyltransferase and methyltransferase activities prepared from solubillzed vaccinia virus (32) . Table I shows that PVX RNA is methylated by the vaccinia virus enzymes. The site of incorporation of the H-methyl group is probably the 2'-0H of X in preformed cap structures of the type m GpppX and not due to guanylylation followed by methylation since GTP did not significantly stimulate H-methyl incorporation into RNA (Table I ) .
Maximal incorporation of radioactivity yielded about one mole of ^H-methyl groups/mole of RNA. In order to confirm that methylation occurred in the 2'-position of X in the cap structure, methylated RNA was digested with ?R Nase followed by bacterial alkaline phosphatase, and analyzed by paper chromatography. As shown in Fig. 2A , all the radioactivity migrated in a position identical to authentic m^GpppG m , indicative of labeling in a cap structure. To establish definitively the site of methylation in the PVX RNA cap, the radioactive oligonucleotide was eluted from the paper, digested with nucleotide pyrophosphatase and subjected to paper electrophoresis. All the radioactivity moved to a position identical to marker pG (Fig. 2B) . The results indicate that the 5'-terminal structure of PVX RNA is m 7 GpppG which is converted to m GpppG by methyltransferase in solubilized vaccinia virus.
To obtain information about the cap-proximal nucleotides, H-methyllabeled PVX RNA was incubated with purified tobacco phosphodiesterase, to H-methyl-labeled PVX RNA. A: RNA (15,000 cpm, VL ug) was digested with Penicillium nuclease and bacterial alkaline phosphatase and chromatographed as described in Materials and Methods. The paper was dried and cut into 1 cm strips which were counted in toluene-based scintillant. 15: Radioactive material was eluted from the paper, digested with nucleotide pyrophosphatase and analyzed by high voltage paper electrophoresis at pH 3.5.
remove the m G portion of the molecule, followed by T-RNase and bacterial alkaline phosphatase. This treatment yields a H-methyl-labeled dinucleotide at net charge -1 (Fig. 3A) . It migrates by paper electrophoresis with marker GpA (Fig. 3B) Fig. 3 . methylated PVX RNA was tested for the ability to form initiation complexes in cell-free extracts of wheat germ. Complex formation was carried out in the presence of GMPPCP, a non-hydrolyzable analogue of GTP that partially 3 inhibits conversion of 40S to 80S complexes (37) . As shown in Fig. 5A , Hmethyl-labeled PVX RNA can efficiently form 40S and 80S initiation complexes.
In order to determine if the 5'-end of messenger is protected against
RNase digestion, complexes were treated with RNase A or T before glycerol gradient analysis. The results indicate that the cap structure is partially protected against the RNases in 40S initiation complexes but not in 80S complexes. When RNase A was used, 41% of the H-methyl-labeled m GpppG in mRNA in 40S initiation complexes was protected against digestion (Fig. 5B); the degree of protection against RNase T digestion was lower (28%) (Fig.   5C ). The same experiments were repeated with a 3-fold lower level of PVX RNA to eliminate the possibility that mRNA was in excess and consequently more accessible to RNase digestion because of a limiting amount of some protecting component (43) . This was not the case since similar results were obtained, i.e. 49% and 19% protection of mRNA in 40S complexes, when these complexes were treated with RNase A and T , respectively. Affinity chromatography on poly(U)-Sepharose has been used to isolate and characterize mRNAs containing 3'-terminal poly(A) (44, 45) . Unlike poly(A) which bound quantitatively to poly(U)-Sepharose, PVX RNA labeled with 3 2 P during infection of tobacco plants,did not bind (Fig. 6 ) . The or Ti (C) and analyzed on glycerol gradients as described in Materials and Methods. The total radioactivity in fractions collected from RNase-digested samples was greater than in the undigested control sample because RNA that pelleted in the control sample was released to the top of the gradient by RNase digestion.
RNA with P in vivo, followed by extraction and analysis of the 5'-terminal sequence. This approach is limited because the cap comprises less than 0.1% of the radioactivity in most RNAs, the low proportion of radioactivity 32 making cap analysis difficult. To obviate the use of P for studying the terminal structures of PVX RNA, we used a previously described technique J "P-labeled PVX RNA (80 ug) was applied to a column of 1 ml poly(U) Sepharose (Pharmacia) in loading buffer consisting of 0.4 M NaCl, 10 mM Hepes buffer (pH 7.4), 5 mM EDTA and 0.5% SDS (46) . The column was washed with 10 mM Hepes buffer (pH 7.4) containing 2 mM EDTA and 0.5% SDS, and elution was with 70% formamide in 1 mM Hepes buffer (pH 7.4) containing 2 mM EDTA. Fractions of 1 ml were collected and 0.1 ml aliquots were counted in 10 ml Bray's solution. As a control, poly(A) (2 A260 units, P-L Biochemicals) was applied to the same poly(U) Sepharose column and eluted as described for PVX RNA. Partial protection by 40S subunits of the cap in TMV RNA was also obtained (20% resistance to 2.5 yg/ml of RNase A at 0° for 10 min). At higher levels of enzyme (10 yg/ml) the H-methyl-labeled caps of PVX and TMV RNA were completely sensitive (N.S., unpublished results). Incomplete protection of the cap was observed when saturating amounts of reovirus mRNA were used in wheat germ extracts (43) and reticulocyte lysates (51) . However, the studies with PVX RNA were done at subsaturating concentrations of RNA.
The degree of protection may be affected by the length and structure of the region between the cap and the initiation codon and by the stability of 40S initiation complexes, or may reflect the affinity of the cap for a component which confers protection against RNase digestion (52) . It should be noted that the protection assay provides a way to select the 5'-terminal fragment of PVX and other RNAs for sequence determination (37, 42) . 
